The effects of four calcium channel blockers (nicardipine, nifedipine, verapamil, and diltiazem) on free radical injury in cultured endothelial cells were studied and compared with those of butylated hydroxytoluene. When the cultured cells were exposed to a superoxide and hydroxyl radical generating system for up to 60 minutes, lipid peroxidation occurred, and cellular viability decreased by 60% at 30 minutes. Concomitantly, total cellular glutathione decreased by 40%, whereas total protein thiols changed minimally. Preincubation of the cells with each of the calcium blockers (5 and 20 ,uM) before free radical addition resulted in various degrees of significant protection against cell death, and losses of glutathione correlated significantly (r=0.89,p<0.001). The order of efficacy was nicardipine>nifedipine>verapamil> diltiazem;
T he calcium antagonists are known to be specific blocking agents of the slow calcium ion channel.1-3 However, because of their lipophilic nature, these agents also bind to lipid domains of the phospholipid-rich plasmalemmal membranes.45 In recent studies,6,7 by using the isolated canine ventricular sarcolemmal membranes, we have demonstrated that the commonly used calcium blockers (nifedipine, verapamil, and diltiazem) exhibit varying degrees of antiperoxidative activities. Of the agents studied, the dihydropyridine calcium blocker nifedipine provided the most potent membrane antiperoxidative activity. 6 In addition to being recognized for their role in myocardial ischemia/reperfusion injury, free radicals have also been implicated in the pathogenesis of atherosclerosis. At the cellular level, because of their constant interaction with blood components, the endothelial cells are potential targets of reactive oxy-radicals released from activated neutrophils (and other blood cells) and oxidizable drugs and chemicals.'0 Because injury of the endothelium may represent an early event in the pathogenesis of atherosclerosis,"1 we studied the effects of selected calcium blockers, including nicardipine, on free radical injury in cultured endothelial cells. The role of reduced glutathione (GSH) in the intracellular oxidative defense mechanism was also assessed. In addition, the relative potencies of the selected drugs were compared with that provided by the lipophilic chain-breaking antioxidant butylated hydroxytoluene (BHT).
Materials and Methods

Chemicals and Cell Culture
Chemicals and agents were obtained from Sigma Chemical Co., St. Louis, Mo., unless stated otherwise. Bovine aortic endothelial cells (GM 07372A) were obtained from Coriell Institute for Medical Research, Camden, N.J., and cultured in Dulbecco's modified Eagle medium supplemented with 15% calf serum. Confluent plates were trypsinized by 0.05% trypsin in 0.02% EDTA solution. The digestion was stopped by adding growth medium with serum. The cells were pelleted and washed twice with the incubation buffer.
Incubation
Oxy-radicals were generated from an iron-catalyzed superoxide anion/hydroxyl radical producing system consisting of dihydroxyfumarate (1.7 mM) and FeADP (50 ,uM FeCI3 and 500 ,M ADP) as described previously.6'12-15 None of the drugs (up to 20 ,M) showed any effects on the rates of superoxide anion generation, which was estimated to be about 4.5 nmol/min/ml measured by the method of cytochrome c reduction. 16 In previous experiments, we used the electron spin resonance spin-trapping procedure, similar to that reported previously, to monitor the level of hydroxyl radicals in the aqueous phase'3; none of the agents, at 20 ,M or less, affected the concentration of * OH or its relative rate of generation. Endothelial cells (lx 106/ml) were resuspended in a buffer containing 10 mM glucose, 125 mM NaCI, 1.2 mM MgCl2, and 10 mM potassium phosphate, pH 7.2. The cells were preincubated with 5-20 ,sM of each of the calcium blockers and BHT for 15 minutes at 37°C before the final addition of dihydroxyfumarate and FeADP. The samples were incubated up to 60 minutes. The effects of the calcium blockers and BHT on free radical lipid peroxidation in isolated sarcolemmal membranes were determined as described previously.6 Briefly, the sarcolemmal membranes (0.1 mg protein per milliliter) were preincubated with each agent for 10 minutes before the addition of dihydroxyfumarate and FeADP; the samples were incubated for 20 minutes. Because of the light sensitivity of the dihydropyridines, all experiments were performed in minimal light. Lipid peroxidation was measured by thiobarbituric acid reactant formation, which was expressed as malondialdehyde equivalents per milligram of protein. 12'14 Cellular viability was determined by trypan blue (0.1%) exclusion as described previously.1415
The cells processed for thiol determination were pelleted by low-speed centrifugation (200g for 5 minutes) and then resuspended and sonicated at 100 W for 45 seconds in the presence of 5-sulfosalicylic acid (5% [wt/vol]). Total cellular glutathione was determined by the "cyclic method," which combines the colorimetric reaction of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) with the enzymatic specificity of glutathione reductase. 17 The determination of oxidized glutathione (GSSG) was measured by the same method with prior masking of GSH with 2% (vol/vol) 2-vinyl pyridine.17 Protein thiols were assayed according to the method of Di Monte et al. 18 Briefly, the cell pellets (after sonication in the presence of 5-sulfosalicylic acid) were washed twice with 6% trichloroacetic acid and sus- pended in 2 ml of 0.5 M Tris buffer containing 100 ,M DTNB; after 20 minutes of incubation at 30°C, the absorbance was measured at 412 nm.
All values were mean±SD of three to eight separate determinations. Statistical analyses were performed by unpaired Student's t test.
Results
Protective Effects on Cellular Viability
The isolated endothelial cells routinely displayed >90% viability based on trypan blue exclusion assay. In our model, oxygen radicals ( 02and * OH) were generated in the medium by the dihydroxyfumarate and FeADP system'2"13; presumably, the initial oxidative targets were the plasmalemmal membranes, and the extent of cellular damage would be reasonably reflected by the increase in permeability to the dye. 19 As shown in Figures 1 and 2, after exposure to the free radicals for 30 minutes, 61% of the cells lost their viability. For comparison, the control samples incubated with the buffer alone remained 89% viable. Additional time-course studies revealed that the viability losses were 33±4% at 15 minutes and 66±7% at 60 minutes ( Figure 2 ). The protective effects of the calcium channel blockers against free radical-induced losses of viability were examined. As shown in Figure 1 , pretreatment of the cells for 15 minutes with either 20 or 5 ,LM of each of the four calcium blockers resulted in various degrees of significant protection (p=0.05 or less, except verapamil and diltiazem at 5 ,M) against cell death. The rank order of efficacy was nicardipine>nifedipine> verapamil>diltiazem. Drug concentrations higher than 20 ,uM were not determined because of the solubility limits of the more lipophilic agents (e.g., nifedipine and nicardipine) in 0.2% ethanol in the incubation medium used. For comparison, a major protective effect against viability loss was provided by S ,IM BHT. However, BHT higher than 5 ,uM did not provide any further protection; in fact, pretreatment of the cells with 20 ,M BHT resulted in slightly higher loss of cell viability (19±3%) compared with that with 5 ,uM BHT (16±4%). As an extension of the concentration-effect study, cell samples pretreated with 2 ,uM BHT before free radical addition resulted in 33 ±6% loss of viability. Antiperoxidative Activities of the Calcium Agents In our previous study, we reported that three calcium channel blockers, namely, nifedipine, verapamil, and diltiazem, exhibited concentration-dependent membrane antiperoxidative activities.6 As a qualitative index of cellular lipid peroxidation, the effects of drug pretreatment on the formation of cellular thiobarbituric acid-reactive materials were compared. As presented in Table 1 , the endothelial cells exposed to free radicals alone for 30 minutes exhibited about 10 nmol/mg protein equivalents of malondialdehyde formation, suggestive of the occurrence of membrane lipid peroxidation. Pretreatment of the cells with the calcium blockers (20 ,uM) and BHT (5 ,gM) resulted in various degrees (50-30%) of significant inhibition of thiobarbituric acid reactant formation. For comparison, the antiperoxidative activities of these agents in an isolated cardiac membrane system indicated that the order of activity was BHT>nicardipine>nifedipine>verapamil>diltiazem. In additional concentration-response studies with the isolated membrane system,6 the EC50 values were estimated to be 5.3 ±2.5 and 22.6±4.0 ,uM, respectively, for BHT and nicardipine, whereas the EC50 values for nifedipine, verapamil, and diltiazem were previously determined to be 38, 206, and 850 ,uM, respectively.6 Thus, nicardipine is about fourfold less potent than BHT but is about twofold more potent than nifedipine as a membrane antioxidant. Because the relative efficacy of these agents for inhibiting cellular thiobarbituric acid reactant formation followed their order of potency as membrane antioxidants, the results suggest that the cellular effects were due to their membrane lipid antiperoxidative activities. Nevertheless, because of the qualitative nature of the thiobarbituric acid reactant assay as an index of cellular lipid peroxidation,20 a direct relation between membrane lipid peroxidation and cell death has not been unequivocably established.
Preservation of the Cellular Glutathione Levels
In the endothelial cells, the glutathione system is believed to be important in providing protection against the onset of peroxidative events.21 22 Therefore, changes in the oxidation/reduction levels of glutathione should be a sensitive indicator of oxidative stress. Total endothelial glutathione content (GSH+1 GSSG) varied between preparations of endothelial cells and ranged from 3 to 5 nmol/106 cells (3.93+1.05 nmol; mean--SD, n=6).
For consistent comparison, changes caused by different experimental conditions were expressed as a percent of controls at time zero. The time course of free radicalmediated changes in the GSH levels in untreated cells is presented in Figure 2 . Exposure of the endothelial cells to the free radical stress resulted in a rapid decrease of GSH, up to 30 minutes, and a subsequent slower decrease, up to 60 minutes. For all conditions, the level of GSSG was less than 5% of the total glutathione; therefore, the decreases of total glutathione reflected the losses of GSH. Data in Figure 2 also indicate that, in contrast to the rapid loss of GSH, the cells experienced only a moderate decrease in total cellular protein thiols. In association with the loss of GSH, the loss of cellular viability appeared to follow a similar trend.
Because GSH appeared to be more sensitive to the free radical stress, the effects of drug treatment on changes in this thiol pool were investigated. As shown in Figure 3 , at 20 ,uM all four calcium blockers prevented the loss of GSH significantly (65-87% inhibition); the order of potency was nicardipine>nifedipine>verap-amil>diltiazem. At 5 ,uM, these agents also provided moderate inhibition (25-32%); while statistically significant protective effects were achieved only by nicardipine and nifedipine, the order of potency remained the same. For comparison, BHT at 5 ,uM provided about 85% inhibition of the loss of GSH; this appeared to parallel its potent protective effect against cell death presented in Figure 1 .
Discussion
In our previous study, we reported that the dihydropyridine calcium blocker nifedipine was a more potent antioxidant when compared with verapamil and diltiazem in isolated sarcolemmal membrane systems.6 In support of our previous findings, several other reports of liposomal or hepatic microsomal systems have described substantial antioxidant activities for nifedipine23-25 and Re + Ca blockers moderate activities for verapamil and diltiazem.26 '27 In the present study, we found that the activity of nicardipine is even more potent than that of nifedipine. In a study with a liposomal preparation peroxidized by a xanthine oxidase system, potent inhibitory activity afforded by nicardipine was also demonstrated by Janero and Burghardt. 28 In the same study, nifedipine was found to be relatively inactive; we submit that the discrepancy in results is due to the known difference in light sensitivity between nifedipine and nicardipine. Nifedipine is extremely photodegradable25'29; such a property might contribute to the discrepancy of its activity in different studies.6,23'2428 In comparison, nicardipine is more light stable. Although the mechanism of antioxidant action remains unclear, the order of potency of these agents appears to relate to their biological membrane partitioning ability4'5'30: dihydropyridines>verapamil>diltiazem, which is not necessarily related to the partitioning coefficient determined by the traditional octanol/ water system. 30 In addition to their membrane solubility (lipophilicity), we believe that the intrinsic chemical properties of these agents are important determinants contributing to their antioxidant potency. Although the chemical structures of these calcium blockers are quite diverse, they all contain aromatic unsaturated ring moieties. This feature is common to most classic aromatic "chain-breaking" antioxidants, providing resonance stabilization for trapped radicals.31 It is also believed that the chain-propagating lipid peroxy-radicals can be neutralized either by a hydrogen transfer or electron-donating mechanism.32'33 Both verapamil and diltiazem contain electron-releasing -OCH3 groups attached to the ring structures, whereas nifedipine or nicardipine contains an electron-rich dihydropyridine moiety; the antioxidant action of these agents might be mediated by an electron transfer process. In addition, the dihydropyridine calcium blockers also contain a transferable hydrogen attached to the aromatic nitrogen. Therefore, a hydrogen-donating reaction may also account for the antioxidant activity of nifedipine and nicardipine. Thus, both the chemical and lipophilic properties of the calcium blockers are consistent with the concept that they may act as lipophilic chainbreaking antioxidants.
In the present study, since calcium was omitted in the incubation system, the protective effects of the drugs were clearly not due to blockade of calcium influx. Therefore, we conclude that the membrane antiperoxidative activities of the calcium blockers conferred the observed cytoprotective effects. The order of potency of the cytoprotective effects appears to follow their membrane antioxidant activities. The results also indicate that losses of cellular glutathione were also prevented. The loss of viability was highly correlated (r=0.89, p<0.001) to the cellular depletion of GSH in all samples with or without drug treatment. Because the formation of thiobarbituric acid reactant material was suggestive of membrane lipid peroxidation, the loss of GSH might be due to its oxidation by lipid peroxides; the drugmediated prevention of loss of GSH appeared to be secondary to the inhibition of membrane lipid peroxide formation.
Although we have shown in vitro that the calcium blockers, especially the dihydropyridines, provide significant endothelial cytoprotection against oxidative injury, the clinical relevance remains to be defined. Because of the acute nature of injury induced by our chemical oxy-radical system, micromolar concentrations of the agents were required to produce significant effects; these concentrations are much higher than any clinically therapeutic levels.' However, since all these agents are lipophilic in nature, much higher membrane accumulation may occur under prolonged exposure to relatively low aqueous levels of these agents.34,35 For example, it was observed that verapamil accumulated 30-fold in isolated atria, and the maximum uptake required more than 2 hours of incubation. 35 It has also been estimated that the dihydropyridine calcium blockers can concentrate > 1,000-fold into the biological membranes.5 These data suggest that the more lipophilic calcium blockers can accumulate in membranes in relatively high concentrations to protect against oxidative endothelial injury in vivo.
In recent years, a growing body of evidence has indicated that free radical-mediated reactions, such as lipid peroxidation, play a major role in the pathogenesis of atherogenesis8-10; endothelial injury may represent a critical initial step toward atherosclerosis."1 Experimental studies have demonstrated that calcium blockers suppress atherogenesis in animals fed high-fat diets. [36] [37] [38] In a recent report, it has also been concluded that nifedipine prevents the progression of atherosclerosis in humans. 39 The antiatherogenic mechanisms of calcium blockers remain unclear. As reviewed and observed by Dr. Henry4041: these agents do not appear to alter serum lipid levels, and the effects could not be explained entirely by the changes in calcium content in the induced atherosclerotic vessel walls; thus these agents must act through other mechanism(s). With our findings and those of others at both the membrane and endothelial cell levels, we speculate that the antiperoxidative activities of the calcium blockers may contribute to their beneficial effects in models of atherogenesis.
